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The use of plants that are known to contain coumarins in the treatment of illness and human disease has been well documented [1] . A large number of natural products incorporating coumarin systems have revealed pronounced medicinal value as antibacterial and antifungal agents, whilst others have displayed antituberculosis, dermal photosensitizing, anti-coagulant, and insecticidal properties [2] . In addition, a series of 3-prenyl-4-hydroxycoumarins are the causative agents of ferulosys, an often lethal hemorrhagic syndrome of livestock [3] . The wide range of biological applications of coumarins has stimulated considerable interest in evolving newer methods for the synthesis of coumarin derivatives [4] .
While searching for synthetic and naturally occurring coumarin derivatives, we found some uncertain points concerning the proposed structure for a coumarin recently isolated from the South American plant Zanthoxylum rhoifolium [5] . Based on 1D-and 2D-NMR spectra, the authors assigned to this compound the structure 2 and named 3-methoxy-4-(3-methylbut-2-enyl)-2H-chromen-2-one. Compound 2 is an intriguing natural product for several reasons.
First, despite the fact that hydroxy-and methoxycoumarin are important components of many synthetic and natural products, natural coumarins lacking an oxygen functionality on the aromatic ring and having pyrone ring substitutents, so called simple coumarins, are quite rare [6] [7] . In fact, few examples of natural, simple coumarins are known [5, [8] [9] [10] [11] , but a much larger number of synthetic ones have been prepared [3, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Secondly, many biologically active coumarins bearing an oxygen functionality at C-4 occur widely among natural products. In contrast, only a few compounds from natural sources are 3-oxygenated coumarins [5, 8, 21, 22] . From the biosynthetic point of view, formation of 3-oxygenated coumarins generally results from hydroxylation at the 3-position by liver microsomes [23] . Finally, the absence of these coumarin derivatives in the literature can be understood on the basis of a rearrangement of 3-substituted coumarin to coumarilic acid derivatives. For instance, 3,4-dimethoxycoumarin can undergo rearrangement to methyl 3-methoxybenzofuran-2-carboxylate (3) [24] . Thus, we carefully re-analyzed the reported spectral data and have reached the conclusion that the correct structure of the natural coumarin might be
. Because we lack not only a sample of Zanthoxylum rhoifolium, but also considering the low yield reported [5] , and that the isolation of this coumarin is tedious and time-consuming, we used computation analyses to give the right assignment.
In fact, the 13 C NMR spectrum of compound 2 had shown two signals localized at δ 162.5 and 117.3 for the ethylenic carbons C3 and C4. The downfield shift was ascribed to the C-3 carbon, while the other signal was assigned to C-4 [5] . This assignment was deduced from the correlations established in the 2D (HMBC, HMQC) experiments, but especially from two-bond HMBC correlation of the methylene hydrogens of the isoprenyl group to C-4.
The
1 H NMR spectrum of 2 consisted of the signals expected for a methoxyl group, an ABCD system, and the 3-methyl-2-butenyl moieties of a pyrone ring [5] . The absence of an upfield olefinic proton at δ 6.40, the characteristic coumarin pyrone C-3 hydrogen, as well as an H-4 singlet at about the usual value for this proton (δ ≈ 7.70), indicated a C3-C4 disubstituted pyrone ring. The positions of the groups on the coumarin ring were deduced by long range correlations (HMBC). However, the 1 H NMR spectrum could be compatible not only with 2 but also with their isomers 4-methoxy-3-(3-methylbut-2-enyl)-2H-chromen-2-one (4) and methyl 3-(3-methylbut-2-enyl)benzofuran-2-carboxylate (5), and could not be used even to differentiate between these structures. The position of isopentenyl was proposed by 1 H-13 C long range correlations between the signal at δ 3.40 (H 2 -1´) with the signals at δ 162.5 ( 2 J CH ) and δ 166.5 ( 4 J CH ) [5] . However, with the aid of some 13 C-H long-range coupling considerations, we believe that the assignment was erroneous.
Although HMBC [25] is certainly one of the most powerful NMR techniques for the structural elucidation of small-and medium-sized natural compounds due to the fact that it provides a great number of long-range correlations, it possesses the particular problem of distinguishing between twoand three-bond correlations [26] , which obviously can be a problem in structure determination. Sometimes, this kind of difficulty leads even experienced and skilful researchers to make mistakes, reporting erroneous structures for newly isolated compounds. Now, some novel 2D NMR experiments to resolve this problem have been developed. One of them is an H2BC experiment, an HMBC-type spectrum, which enhances two-bond correlations [26] . Recently, Benie and Sørensen [27] developed a hybrid between H2BC and HMBC experiments, named HAT HMBC, to help identify two-bond correlations that cannot be assigned as such in H2BC spectra due to low intensity. Owing to the fact that confusion in the HMBC assignments might have resulted in a mis-assignment, the above experiments could be used to resolve the possible ambiguities. In fact, coumarins exhibit complicated l H-13 C coupling patterns due to specific long range couplings between the different nuclei present in the molecule [28] . Moreover, in some cases, 1 H and 13 C aromatic signals exhibits similar chemical shifts. For 2, it is rather unfortunate for HMBC that the C-4 and C-6 peaks, and the C-7 and C-8 peaks are close (Table 1 ) [5] , making assignment rather ambiguous. Table 1 : NMR spectroscopic data reported for 2 [5] . 13 C NMR chemical shifts are much more sensitive to electronic structure and it can be expected that isomers will be differentiated in their 13 C NMR spectra. Moreover, due to the enol lactone structure of coumarins, benzopyran rings with one or two substituents attached to the pyrane ring exemplify typical push-pull alkenes. Those carbon-carbon double bond systems exhibit interesting chemical and physicochemical properties. The position of either electron-donating or electron-withdrawing substituents has a decisive influence on π-electron delocalization. This redistribution of electron density (π-polarization) has been used to account for their unusual 13 C chemical shifts, due to the extreme lowfield position of the olefinic carbon on the donor side relative to the carbon atom on the acceptor side [29] .
Comparison of the 13 C NMR spectroscopic data (Table 2 ) of 4-isoprenyl-3-methoxy-coumarin (2) with those of coumarin (1) clearly indicated that, although the two metabolites were closely related, close inspection of signals for the benzopyran ring revealed that some significant differences included the assigned chemical shift at C-3 (δ 115.2 for 1 and δ 162.5 for 2) and at C-4 (δ 142.5 for 1 and δ 117.3 for 2). However, the 13 C NMR spectrum of 2 was not congruent with that reported in the literature for 3-oxygenated coumarins [8, [21] [22] [23] . The C-3 of 1 is considerably shifted, with values of 27.8 and 20.1 ppm, as compared to those described for 3-hydroxycoumarin by Macias et al. [8] and 7-hydroxy-3-methoxy-6-[3,3-dimethylallyl]-coumarin by Zdero et al [22] , respectively. Based on these observations, we believe that, although any substituent in the 3-position, including OH, MeO, CHO, and CO 2 Et groups, polarizes the double bond, making the β-carbon more electron-rich and the α-carbon more electron-deficient, the C-4 position is highly electrophilic due to extended conjugation, and the presence of an electronwithdrawing or electron-releasing substituent at C-4 can be more significant. On the other hand, a comparison of individual aromatic proton data with 1 H NMR study of methoxy coumarins shows that the chemical shifts are closer to those of the 4-methoxycoumarins [30] . Thus, a 4-methoxy linkage can be substantiated by the high-frequency chemical shift value of C-4 (δ 162.5) and detailed comparison with those of 3-isoprenyl-4-hydroxycoumarin (6, Table 2) [3] . Intrigued by these unusual findings, and as an extension of our structural studies of natural compounds, we were interested in re-examining the original structure assignment.
The recent developments of methods for quantum mechanical calculations of NMR parameters have guided the study of a wide range of chemical problems. In previous reports [31] [32] [33] [34] [35] [36] [37] [38] [39] , calculations of the relevant chemical shifts of natural products using theoretical studies have been reported. As pointed out by Rychnovsky [32] , one underutilized tool is the prediction of NMR chemical shifts by modern computational methods. In fact, we have recently published the isolation and application of isotropic magnetic shielding (IMS) calculation to verify the stereochemistry of ergosta-6,22-dien-3β,5α,8α-triol [39] .
The B3LYP method with the 6-31G* basis set function (BSF) can be a useful tool in providing sufficiently accurate conformational analysis [40] . On the basis of this affirmation and on the fact that the authors found good agreement between theoretical and experimental structures of three natural products, including chromen-2-one (coumarin) (1), we performed (B3LYP/6-31G(d)) and (HF/6-311+G(2d,p)) calculations of isotropic magnetic shielding (IMS) using the Gauge Independent Atomic Orbital method (GIAO) [41] for 2 and 4 as a helpful support for the correct assignment of the structures of this natural product. The structures were optimized using the density functional theory (DFT) at the B3LYP level of theory and a 6-31G(d) basis set, as recommended by Hsieh et al. [40] . The Hartree-Fock method using Pople's basis set type [6-311+G(2d,p) gave a good correlation between the calculated and experimental chemical shifts.
Re-examination of the NMR spectroscopic data of 3-methoxy-4-(3-methyl-2-butenyl)-coumarin (2) reveals that the signal at δ 7.78 assigned to H-8 is downfield by 0.48 ppm from signals for this hydrogen in other 3-methoxy coumarins, as is the absorption for C3 and C-4 [8, [21] [22] [23] 30] . The observed chemical shifts on the α-carbon of the coumarin reported by Cuca and Taborda [5] , as well as the similarities of the 1 H NMR and 13 C NMR spectra of the new coumarin with those of 4-hydroxycoumarins, leads us to suggest that the compound described in the literature is most probably a 4-methoxy coumarin.
Strong support for this proposal is provided by IMS calculations ( Table 3 ). The calculated 13 C chemical shifts for structure 4 (4-methoxy-3-(3-methyl-2-butenyl)coumarin, using HF/6-311+G(2d,p), show a better correlation to the published experimental data for Cuca et al, than the calculated values for structure 2. Figure 1 shows the absolute errors, for compounds 2 and 4, relative to each of the carbon atoms (plotted on the x-axis). Small but significant differences were observed in the chemical shifts of various carbons in the NMR spectra of 2 and the calculated data. These are the entries shown in the Δδ column of Table 3 . The calculated 13 C IMS values of C-2, C-3 and C-4 are suspiciously far from the experimental value, thus indicating a possible error in the original assignment. Taken together, these data suggested that the structural difference(s) between 2 and their calculated data reside(s) in the pyran region of that structure. of the carbonyl carbon was nicely reproduced by the theoretical data of 4 (Δδ = -0.2 ppm), while the result obtained for 2 exhibited a variation of -20.2 ppm. We believe that the large deshielding of the carbonyl carbon in the 13 C NMR spectra is consistent with a reduced electron density on the β-carbon due to the electronic effect of the methoxy group.
Experimental
All the structures were minimized using the Gaussian 98 program [42] at the B3LYP level of theory with the 6-31G* basis set. Isotropic magnetic shielding (IMS) calculations were all performed using the GIAO method at the HF level of theory and the basis set 6-311+G(2d,p), as recommended by Cheeseman et al. [43] . The calculated chemical shift is the difference between the IMS for the structure and the IMS of 13 C in TMS, calculated by the same method.
Acknowledgments -The authors thank the Dirección Nacional de Investigación (DINAIN) of the Universidad Nacional de Colombia for financial support. 
